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A B S T R A C T
The urinary bladder collects urine from the kidneys and stores it until the appropriate moment for voiding. The
trigone and ureterovesical junctions are key to bladder function, by allowing one-way passage of urine into the
bladder without obstruction. Embryological development of these structures has been studied in multiple animal
models as well as humans. In this report we review the existing literature on bladder development and cellular
signalling with particular focus on bladder development in humans.
The bladder and ureterovesical junction form primarily during the fourth to eighth weeks of gestation, and
arise from the primitive urogenital sinus following subdivision of the cloaca. The bladder develops through
mesenchymal-epithelial interactions between the endoderm of the urogenital sinus and mesodermal me-
senchyme. Key signalling factors in bladder development include shh, TGF-β, Bmp4, and Fgfr2. A concentration
gradient of shh is particularly important in development of bladder musculature, which is vital to bladder
function. The ureterovesical junction forms from the interaction between the Wolffian duct and the bladder. The
ureteric bud arises from the Wolffian duct and is incorporated into the developing bladder at the trigone. It was
previously thought that the trigonal musculature developed primarily from the Wolffian duct, but it has been
shown to develop primarily from bladder mesenchyme. Following emergence of the ureters from the Wolffian
ducts, extensive epithelial remodelling brings the ureters to their final trigonal positions via vitamin A-induced
apoptosis. Perturbation of this process is implicated in clinical obstruction or urine reflux. Congenital mal-
formations include ureteric duplication and bladder exstrophy.
1. Introduction
The human bladder is formed from the cranial portion of the pri-
mitive urogenital sinus, and collects and stores urine from the kidneys
and until it can be expelled at a socially appropriate moment. To this
purpose, the bladder, like the ureters, is lined with urothelium sur-
rounded by layers of smooth muscle. The fibromuscular layers of the
bladder consist of the lamina propria, consisting of extracellular matrix
containing a sparse poorly organized smooth muscle layer (the mus-
cularis mucosa) (Vakar-Lopez et al., 2007) and an outer compartment
consisting of a complex weave of thick smooth muscle bundles. In both
males and females, the bladder develops identically without differences
in size (Shen et al., 2018). Fig. 1 is a wholemount series of female
bladder development. In males the prostate develops from epithelial
buds arising from the urogenital sinus (urethra) immediately below the
bladder (Cunha et al., 2018).
The primitive urogenital sinus arises in the fourth week of gestation
from the cloaca, an epithelial chamber common to both the gastro-
intestinal and urogenital systems located in the pelvic region (Kromer,
1996). During the fifth to sixth weeks of gestation, the urorectal septum
partitions the cloaca into the primitive urogenital sinus ventrally and
the anorectal canal dorsally (Fig. 2).
The mechanism of division of the cloacal is not well understood.
Originally, it was thought that this partitioning occurred through either
a fusion of bilateral ridges of the lateral cloacal walls (Rathke, 1832), by
a descending frontal septum (Kromer, 1999; Tourneux, 1888), or a
combination thereof (Moore et al., 2013). However, more recent in-
vestigations have found neither of these processes are involved
(Nievelstein et al., 1998; Zhang et al., 2011). Instead, during the caudal
folding of the embryo, parts of the allantois and yolk sac are in-
corporated internally into the embryo along with their surrounding
extraembryonic mesoderm. Rogers et al. suggest that the urorectal
septum develops from this extraembryonic mesoderm and is a passive
structure that does not actively divide the cloaca (Rogers et al., 2002).
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A more recent explanation is that cells localized to the peri-cloacal
mesenchyme contribute to the future perineum, and that, during de-
velopment, it is the dorsal peri-cloacal mesenchymal cells that remain
in a relatively fixed position relative to the cloacal membrane, which is
devoid of mesenchyme. It is thus asymmetric proliferation of me-
senchymal cells around the cloacal membrane that separates of the
urinary and digestive tracts (Wang et al., 2013). Several authors assert
that the urorectal septum does not fuse with the cloaca membrane
(Nievelstein et al., 1998; Rogers et al., 2002; Zhang et al., 2011). The
division of the cloaca is a complex event and the mechanism of sub-
division of the cloaca remains controversial.
2. Bladder development
The bladder forms from the primitive urogenital sinus above the
confluence with the Wolffian (mesonephric) ducts, which serves as the
demarcation between the cranial vesicourethral canal and the caudal
“urogenital sinus”. Unfortunately, the terminology is a bit confusing.
When the cloaca is partitioned into the “primitive” urogenital sinus and
the anorectal canal, the primitive urogenital sinus is in continuity with
the allantois that extends cranially up the anterior body wall to end
blindly in the umbilical cord. The cranial portion of the primitive ur-
ogenital sinus above the junction with the Wolffian (mesonephric)
ducts forms the bladder. The caudal or pelvic portion of the primitive
urogenital sinus in males forms the prostate, prostatic urethra, bul-
bourethral glands and the membranous urethra. This caudal portion of
the primitive urogenital sinus is simply referred to as the “urogenital
sinus”. Thus, one must be cognizant of this unfortunately confusing
terminology. In females the urogenital sinus forms the urethra below
the bladder neck and in the fetus also forms the sinovaginal bulbs that
are confluent with the Mullerian-derived uterovaginal canal (Cunha
et al., 2018; Robboy et al., 2017). The junction between the Mullerian-
derived uterovaginal canal and the urethra occurs near the future in-
troitus (Robboy et al., 2017). Thus, in humans, urogenital sinus epi-
thelium appears to form the hymen and contributes to the vaginal
vestibule (Robboy et al., 2017; Cunha et al., 2018).
The bladder develops from Foxa1-reactive endodermal epithelial
cells and mesodermally derived mesenchyme. Foxa1 is a known marker
of endodermal epithelial cells within the pelvis and elsewhere (Besnard
et al., 2004; Diez-Roux et al., 2011; Robboy et al., 2017). Like many
organs in the body, including the gut, integument, male and female
internal genitalia and teeth, development of the epithelial and fi-
bromuscular layers of the bladder is dependent upon reciprocal epi-
thelial-mesenchymal interactions (Baskin et al., 1996a, 1996b; Baskin
et al., 1997; DiSandro et al., 1998; Tasian et al., 2010) (Fig. 3). Ex-
periments done in rat models show that bladder mesenchyme in iso-
lation does not grow or differentiate into smooth muscle in vivo, while
grafts containing both bladder mesenchyme and bladder epithelium
results in normal development of the epithelium as well as smooth
muscle differentiation of the mesenchyme (Baskin et al., 1996a,
1996b). Appropriate epithelial differentiation in the bladder is affected
by the mesenchyme with which it is associated during development.
Embryonic bladder epithelium grown in association with bladder me-
senchyme undergoes normal urothelial differentiation, while em-
bryonic or adult bladder epithelium grown in association with prostatic
mesenchyme undergoes prostatic differentiation (Aboseif et al., 1999;
Cunha et al., 1983a, 1983b).
Initially, the lumen of the bladder is continuous at its apex with the
patent allantois, which subsequently regresses into a thick fibrous cord
called the urachus in the embryo and postnatally is called the median
umbilical ligament (Gray and Clemente, 1985). Persistent patency of
this urachal tract manifests later in life as urachal cysts or a patent
urachus, which are prone to infection and are treated with surgical
excision (Mesrobian et al., 1997).
Several signalling factors have been implicated in animal models of
bladder development. Multiple studies have demonstrated a role for Shh
in bladder smooth muscle differentiation (Cheng et al., 2008; Freestone
et al., 2003; Haraguchi et al., 2007). Shiroyanagi et al. demonstrated
with RT-PCR studies in a mouse model that Shh mRNA is expressed
early in bladder development, peaking at E12.5, and that smooth
muscle genes are subsequently expressed over E13.5 to E15.5
(Shiroyanagi et al., 2007). Immunohistochemical studies demonstrate
Fig. 1. Ontogeny of Human Female Bladder Development from 9 to 21 weeks of gestation. Note the male (data shown in accompanying paper in this supplement,
(Shen et al., 2018)) and female bladder develop in the same fashion.
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that Shh is produced by the developing bladder epithelium (Jenkins
et al., 2007). Shh is known to pattern developing mesenchyme via an
abrupt on/off concentration gradient, and appears to behave similarly
in the embryonic bladder, acting as a paracrine signalling factor from
the urothelium that induces mesenchymal differentiation into smooth
muscle (Cheng et al., 2008). Without Shh expression smooth muscle
fails to develop. However, high concentrations of Shh inhibit smooth
muscle differentiation and lower Shh concentrations induce smooth
muscle differentiation (Cao et al., 2010). Ptc, the receptor for Shh, is
appropriately expressed in embryonic bladder mesenchyme (Tasian
et al., 2010), mirroring the pattern of expression seen in smooth muscle
differentiation throughout the body, such as the gut (Le Guen et al.,
2015). Furthermore, the transcription factor Gli2, a target of Shh, has
been shown to up-regulate Bmp4 expression in the mesenchyme closest
to the bladder epithelium, resulting in reduced smooth muscle differ-
entiation (Cheng et al., 2008). Further distant from the urothelial layer,
where Shh concentrations are presumably lower, Bmp4 is commensu-
rately reduced and in peripheral mesenchymal regions robust smooth
muscle differentiation occurs. The suggested mechanism for Shh ac-
tivity in bladder patterning is shown in Figs. 3 and 4.
Bmp4 acts through the Smad family of cytoplasmic signal transdu-
cers, as does TGF-β. Islam et al. demonstrated that Smads are localized
differentially both spatially and temporally throughout murine bladder
development, and that the TGF-β receptor inhibitor (SB-431542) in-
hibits muscular development of the embryonic bladder, suggesting that
TGF-β acts along with Bmp4 in the differentiation of the bladder (Islam
et al., 2013).
More recently, the work of Ikeda et al. shows that along with Shh,
Bmp4 and TGF-β, Fgfr2 is critical for bladder mesenchymal patterning
(Ikeda et al., 2017). Fgfr2 deletions in E10.5 murine Wolffian duct
stroma led to augmented Shh activity, along with increased Boc and Cdo
levels, which are co-receptors that enhance sensitivity to Shh. Ulti-
mately, these molecular changes led to abnormalities in bladder smooth
muscle patterning, seen as loss of smooth muscle and increase in col-
lagen. These changes result in voiding dysfunction postnatally, as well
as reduced bladder contractility. Such bladders were also seen to be
poorly compliant. Compliance is the physical property of a hollow
organ or vessel to distend in response to increased intraluminal volume.
Normal compliance in organs such as bladders, blood vessels and lungs
is important for proper maintenance of safe intraluminal pressure.
Compliance in the bladder is due to relaxation of the muscle and ex-
tracellular matrix so that pressure within the bladder remains low as it
fills with urine, thereby preventing urinary reflux or hydronephrosis
secondary to increased pressure.
The dual properties of compliance and contractility are key to
bladder function. In the normal developing bladder, compliance varies
over the course of development. In animal models, bladder compliance
is initially poor but improves as the bladder matures (Baskin et al.,
1994). As bladder development proceeds smooth muscle fibers increase
in number, and the relative amount of collagen decreases, albeit with
an increase in the number of elastic collagen fibers. This same pattern is
observed in developing human fetal bladders (Kim et al., 1991). This
increase in compliance also coincides with urine production, suggesting
that there may be a mechanical stretching component to this phe-
nomenon. A mouse model employed by Beauboeuf et al. used urethral
and ureteral ligation of explanted bladders, which resulted in distension
by passive accumulation of intraluminal fluid, in a fashion similar to
normal urinary accumulation in vivo. These bladders showed increase
in smooth muscle fibers, as well as a more orderly arrangement of
collagen fibers compared to control bladders that were allowed to drain
freely and thus did not distend during development. Thus, normal
bladder distension appears to affect patterning and differentiation
within the developing fibromuscular wall of the bladder (Beauboeuf
et al., 1998).
Fig. 2. Division of the cloaca into urogenital sinus and anorectal canal. A)
Initial conformation of cloaca and urorectal septum. B) After division of the
cloaca into urogenital sinus and anorectal canal. From Baskin and Cunha, 2018,
with permission.
Fig. 3. Like many organs in the body, differentiation in the bladder is driven by
interactions between the epithelium and mesenchyme. Shh produced by em-
bryonic bladder epithelium signals to the mesenchyme, and in regions of
proximity to the epithelium, smooth muscle differentiation is inhibited where
the Shh signal in strongest. Peripheral mesenchyme, receiving an attenuated
Shh signal is induced to undergo smooth muscle differentiation. Used with
permission J Urol. 1996 (Baskin et al., 1996a, 1996b).
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3. Development of the trigone and ureterovesical junction
The bladder trigone is a triangular area at the so-called base of the
bladder defined by the ureterovesical junctions cranially and the ure-
thral orifice caudally (Gray and Clemente, 1985) (Fig. 5E). The adult
trigone has a smooth epithelial surface and is crucial for normal bladder
emptying and continence. The ureterovesical junction in the normal
state allows one-way flow of urine from the ureters into the bladder
without obstruction. This protects the kidneys from pressure or the
reflux of urine or bacteria. Development of the ureteral and trigonal
musculature is important to this one-way flow. The thickness of ureteral
musculature and the length of the ureter during its passage through the
bladder wall increase in a linear fashion throughout human develop-
ment (Oswald et al., 2003). Deficiencies in trigonal formation lead to a
variety of clinical conditions such as vesicoureteral reflux (Fig. 6) which
occurs secondary to poor muscle backing resulting in a relatively short
ureteral tunnel. Duplication of ureters from splitting of the ureteral bud
is often normal with no clinical implications but can result in pathology
such as obstruction of the upper pole ureter from a ureterocele (Fig. 7).
Ureters can also insert in an ectopic location outside the bladder,
leading to hydroureteronephrosis, and urinary incontinence in females
if the insertion site is beyond the urinary sphincter (Fig. 8).
Initiation of trigonal development occurs during the fifth to sixth
weeks in humans, when the mesonephric (Wolffian) ducts connect to
the primitive urogenital sinus. The formation of the ureteric bud is the
first stage in the development of the ureterovesical junction. The ure-
teric bud arises from the Wolffian duct at 4 weeks (Fig. 5A) and grows
cranially into the metanephrogenic mesenchyme. Once the ureteric bud
makes contact with this mesenchyme, it induces differentiation of the
metanephrogenic mesenchyme to form nephrons, while the metane-
phrogenic mesenchyme reciprocally induces elongation and branching
of the ureteric bud (Herzlinger et al., 1994). The section of Wolffian
duct caudal to the ureteric bud is termed the common excretory duct or
common nephric duct (Fig. 5A), which is in continuity with the ur-
ogenital sinus. Following emergence of the ureteric bud from the
Wolffian duct, the common nephric duct makes contact with the de-
veloping bladder (Fig. 5A-B). However, rather than being resorbed into
the developing bladder, the common nephric duct undergoes apoptosis,
a process which also serves to bring the ureter in contact with the ur-
ogenital sinus epithelium, where they fuse (Batourina et al., 2005). As a
result of further remodelling, expansion, and differentiation the ureteric
orifices migrate cranio-laterally to define the upper angles of the tri-
gone, while in males the Wolffian ducts migrate caudally to eventually
empty into the prostatic urethra at the apex of the verumontanum as
the ejaculatory ducts (Batourina et al., 2002), as seen in Fig. 5C-D
(Woolf and Davies, 2013). This complex remodelling process is de-
pendent on vitamin-A mediated apoptosis. The enzyme Raldh2, in-
volved in vitamin-A induced signalling, is expressed in the mesenchyme
of the urogenital sinus immediately surrounding the common nephric
duct, ureter and Wolffian duct, and inactivation of Raldh2 abrogates
apoptosis, and results in obstructive hydronephrosis in a transgenic
mouse model (Batourina et al., 2005).
Anatomically, the epithelium of the adult trigone is smooth and thus
is distinct from the rugated epithelium lining the rest of the bladder. For
this reason trigonal epithelium was initially thought to be derived from
the Wolffian ducts, rather than from the urogenital sinus (Tacciuoli
et al., 1975; Tanagho, 1976). More recent studies, however, suggest
that the epithelium of the trigone is derived from endodermal ur-
ogenital sinus epithelium. This interpretation is inferred from tissue
recombinant experiments in which mouse trigonal epithelium was
combined with urogenital sinus mesenchyme. The resultant tissue re-
combinants grown in male hosts developed prostatic tissue, interpreted
as suggesting that trigonal epithelium is of urogenital sinus origin
(Tanaka et al., 2010). Cell lineage analysis in a mouse model showed
Fig. 4. Shh binds to the Ptc receptor, which releases its inhibition on Smoothened (Smo), activating Gli2. Following translocation into the nucleus, Gli2 activates
Bmp4, which signals for smooth muscle differentiation through Smads. M-phase promoting factor (MPF) is also released upon binding of Ptc, and MPF is known to
induce mitosis, a function which is likely preserved in the bladder. Serum response factor (SRF) is also important in muscle-cell specific proliferation and differ-
entiation, and may be upregulated in the mesenchyme where Shh levels are low (Shiroyanagi et al., 2007). From Tasian et al. (2010) with permission.
A. Liaw et al. Differentiation xxx (xxxx) xxx–xxx
4
that trigonal stromal cells are derived primarily from urogenital sinus
mesenchymal cells (Viana et al., 2007).
The ureterovesical junction is functionally a transitional valve be-
tween the low pressure upper urinary tract (kidney and ureter) and the
variable pressure environment of the bladder and is dependent in part
on ureteral musculature at the ureterovesical junction (Fig. 6). Ureteral
agenesis results in an abnormally shaped trigone, and it was thought
that ureteral musculature formed the sheath that encases the ureter as it
passes through the bladder wall. However, Viana et al. observed that in
Pax2 mouse mutants, which exhibit ureteral and renal agenesis, the
bladder trigone contains extensive bladder musculature with a gap
where the ureter and associated blood vessels normally pass. This
suggests that the “ureteral tunnel” through the bladder wall develops
normally in the absence of a ureter, and that this tunnel is composed
mostly of bladder musculature (Viana et al., 2007). The mechanism by
which this tunnel is patterned independent of the ureter is unknown,
but, as in bladder development, Bmp4 signalling has been implicated
(Wang et al., 2009). Bmp4 knockout mice show a reduction of the
Fig. 5. Origin of the ureteric bud from the Wolffian duct (A) and remodelling of
the positions of the ureters and Wolffian ducts (ejaculatory ducts) in male
embryos (B-D). Final adult positions of the ureters and ejaculatory ducts in
relation to the trigone (E).
Fig. 6. Defects of the ureterovesical junction can cause vesicoureteral reflux.
(A) Long tunnel length results in excellent muscle backing on both sides of the
ureter resulting in no reflux (B) Medium tunnel length results in reasonable
muscle backing with possible reflux. (C) Short tunnel length results in poor
muscle backing resulting in reflux. Modified from the Pediatric Urology
Handbook Chapter 6 (Copp et al., 2018) with permission.
Fig. 7. Duplication of collecting system with upper pole hydroureteronephrosis
secondary to an intravesical obstructing ureterocele. Modified from the
Pediatric Urology Handbook Chapter 14 (Baskin et al., 2018) with permission.
Fig. 8. Ectopic ureteral insertion (bladder neck, urethra, vagina) outside the
bladder leading to hydroureteronephrosis and urinary incontinence in females
since the insertion site is beyond the urinary sphincter. Modified from the
Pediatric Urology Handbook Chapter 14 (Baskin et al., 2018) with permission.
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smooth muscle coat surrounding the ureter, resulting in hydronephrosis
and hydroureter (Miyazaki et al., 2003).
4. Clinical correlation: ureteral duplication and ectopy
Duplication of the ureters (Fig. 7) is a relatively common occurrence
in humans (1%), and results from emergence of duplicate ureteric buds.
Emergence of the ureteric bud and its outgrowth into the metanephric
mesenchyme involves the RET-GDNF-GFRα1 pathway, and while genes
have been identified that lead to duplication of the ureteric bud, the
mechanisms by which these genes modulate this phenomenon is un-
known. In mouse models, Nfia and Robo2 mutants have been seen to
result in ureteric duplication (Grieshammer et al., 2004; Lu et al.,
2007), and mice with deletion of Sprouty1 also show multiple ureteric
buds (Basson et al., 2006).
With regard to ureteral duplication, Weigert and Meyer recognised
that the more caudal ureteric bud emerging from the Wolffian duct was
associated with the lower pole of the kidney, while the cranial ureteric
bud became associated with the upper pole of the kidney (Weigert,
1877; Meyer, 1907). As the common nephric duct was incorporated
into the bladder, the more caudal bud became incorporated into the
trigone first, which resulted in a ureteral orifice within the bladder wall
more cephalad and lateral to that normally seen in the case of a single
ureter. The cranial duplicate ureteric bud was incorporated later into
the bladder, and became associated with the upper pole of the eventual
kidney. Because of the delay in incorporation of the cranial ureteric bud
into the bladder, this upper pole ureter was positioned caudal and
medial to the lower pole ureter. This relationship has become known as
the Weigert-Meyer rule, and describes most known cases of defects in
the muscular pattern of the ureterovesical junction in the bladder tri-
gone (Shapiro, 2009). In some cases, the upper pole ureter may not be
fully incorporated into the bladder at all, and may insert ectopically
into the upper part of the vagina or urethra in females or Wolffian duct
derivatives in males (the seminal vesicle or vas deferens). Many cases of
duplication without ectopy have no clinical symptoms, but ectopic ur-
eters frequently demonstrate clinical findings, from hydronephrosis to
incontinence (in females) (Fig. 8).
5. Clinical correlation: vesicoureteral reflux
Vesicoureteral reflux is a common finding in children, with an in-
cidence of 1–2%, of the general population, but as high as 50% in fa-
milial lines, suggesting autosomal dominant inheritance (Mak and Kuo,
2003). However, most vesicoureteral reflux is of no consequence
clinically. In cases of more severe reflux along with urinary tract in-
fection, though, pyelonephritis and renal scarring can be a consequence
(Hoberman et al., 2014).
As seen in Fig. 6, it is thought that reflux occurs due to deficiencies
in the musculature of the trigone, resulting in a relatively short in-
tramural tunnel. As the bladder grows normally, the musculature of the
trigone develops further, which is thought to result in spontaneous
resolution of less severe reflux. More severe reflux is thought to be
associated with abnormal signalling from the ureteral bud, resulting in
renal dysplasia with associated reflux (Tanagho and Hutch, 1965). This
is borne out in a mouse model; renal dysplasia and reflux are seen to-
gether in several mutations (Murawski et al., 2011).
Uroplakins are also implicated in vesicoureteral reflux, and ablation
of the mouse uroplakin III gene results in small, abnormal urothelial
plaques and enlarged ureteral orifices resulting in reflux (Hu et al.,
2000). Reflux is also seen in mice with uroplakin II deficiencies, and
knockout of multiple uroplakin heterodimers results in absence of ur-
othelial plaque formation and disruption of the normal function of ur-
othelium (Kong et al., 2004). Despite these findings in the mouse, the
role of uroplakins in human vesicoureteral reflux is not clear (Jenkins
et al., 2006). Genetic linkage studies in 126 sibling pairs with reflux did
not show any linkage or association at the human uroplakin III locus
(Kelly et al., 2005). Similarly, Jiang et al. sequenced all four uroplakin
genes in 76 patients with vesicoureteral reflux and found only one weak
association of a single nucleotide mutation in uroplakin III (UPIII SNP7)
with reflux, suggesting that missense changes in human uroplakin genes
are not a dominant factor in human vesicoureteral reflux (Jiang et al.,
2004).
Clinically, most cases of human vesicoureteral reflux are not asso-
ciated with renal dysplasia. While several mouse models exist that show
renal normoplasia as well as reflux Murawski et al., 2011), only one has
had the causative mutation identified, which is the C3H/HeJ mouse,
which shows a 100% incidence of vesicoureteral reflux with otherwise
normal kidneys at birth (Murawski et al., 2010). This defect has been
mapped to the locus Vurm1 on chromosome 12, but this locus also
works in conjunction with other loci elsewhere in the genome. Primary
vesicoureteral reflux is a complex condition genetically, and while fa-
milial inheritance and associations are known, the underlying devel-
opmental causes remain elusive.
6. Clinical correlation: bladder exstrophy
Bladder exstrophy manifests as the failure of development of the
abdominal wall, resulting in a lower abdominal wall defect, disjunction
of the pubic symphysis, absence of the anterior wall of the bladder, an
anteriorly open prostatic urethra and absence of the dorsal aspect of the
penis (epispadias). Exstrophy occurs along a spectrum, ranging from
epispadias to more extensive exstrophy including the hindgut, and is
clinically referred to as exstrophy-epispadias complex, occurring in
approximately 1:30,000 live births.
Many theories have been advanced to explain this spectrum of
malformations, but the mechanism remains unknown. Mildenberger
et al. proposed that the insertion of the body stalk of the embryo is too
caudal, contacting the cranial end of the cloacal membrane
(Mildenberger et al., 1988). As a result, normal mesenchymal tissue
cannot infiltrate into this region, leaving the affected structures without
the covering of skin, an abdominal wall defect, disjunction of the pubic
symphysis and the spectrum of urogenital defects described above.
Stephens suggested that the embryonic tail, which regresses by 8 weeks
of gestation, may temporarily compress and disrupt the mesoderm that
separates the cloaca and allantois, forming part of the phallus (Stephens
and Hutson, 2005). By this theory, isolated epispadias may arise from
this mechanical obstruction, rather than being related to the greater
exstrophy-epispadias complex. Thomalla et al. disrupted the cloacal
membrane of chicks with a laser, inducing cloacal exstrophy in ~10%
of the embryos that were treated in this manner (Thomalla et al., 1985).
Overall, the theories for emergence of bladder exstrophy propose a
mechanism based on obstruction or failure of mesenchymal migration
(Mildenberger et al., 1988; Stephens and Hutson, 2005), premature
rupture of the cloacal membrane (Stec, 2011; Thomalla et al., 1985),
abnormal cell-cell interactions or alteration in cell death (Vermeij-Keers
et al., 1996). Most recently, Kumar et al. proposed that the persistence
of pubic diastasis – an open bony pelvis where the bones of the pubic
symphysis are not connected - was the proximate cause (Kumar et al.,
2015). This observation is based on several considerations: The com-
plexity of associated anomalies are rare, which is inconsistent with a
single underlying genetic or signalling defect. Furthermore, the tissues
of the affected structures (i.e. the bladder and pelvis) are largely normal
at the cellular and morphogenetic levels, which would again be unusual
based upon an underlying genetic or signalling defect. In addition, the
human embryo does not pass through a stage where an exstrophic
bladder is normal, suggesting that exstrophy is not likely to be due to
interruption of the normal process of development (Kumar et al., 2015).
Pubic diastasis, on the other hand, is normal in early development, with
the pubic symphysis closing at around 8–10 weeks of gestation. Within
a closed pubic arch, the levator ani muscles form a ring around the
developing hindgut and urogenital sinus. While in a state of pubic
diastasis, however, the pelvic musculature rests posterior to the hindgut
A. Liaw et al. Differentiation xxx (xxxx) xxx–xxx
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and urogenital sinus, and as the musculature develops further, may
exert posterior pressure on the anterior structures, disrupting the
forming abdominal wall and leading to exstrophy. While an intriguing
theory, there is scant scientific evidence for this or any of the embry-
ologic theories of exstrophy.
In conclusion, the bladder forms from urogenital sinus and the ur-
eterovesical junction from distal Wolffian duct. The bladder trigone is
primarily derived from urogenital sinus mesenchyme. Three major in-
terrelated gene pathways have been identified in bladder development;
Shh, TGFβ, and Fgfr2. The position of the ureteral orifice is dependent
on vitamin-A mediated apoptosis and Raldh2. Abnormal development
of the bladder and trigone can result in a variety of clinical conditions
such as vesicoureteral reflux, duplicated ureters and bladder exstrophy.
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